The dielectric permittivity of glaciers and ice caps can be measured in field or airborne surveys using ice-penetrating radar. Permittivity contrasts in polar ice caps indicate ice stratigraphy and age, whereas those in temperate glaciers have been interpreted as changes in unfrozen water content, which is an important control on glacier mechanics. Many previous workers have assumed simple relationships between permittivity (inferred from radar velocity) and unfrozen water content, but these relationships have never been verified in the laboratory. Here, we present measurements of the dielectric properties of ice cores from a temperate glacier in Switzerland, using the Time Domain Reflectometry (TDR) technique, which has a measurement frequency close to that of radar. The objectives of the measurement were to quantify the effects of intercrystalline unfrozen water and air content on ice dielectric permittivity. TDR probes were specially designed and built for ice core measurement to allow them to be pressed onto the ice core surface, and to maximize the signal travel time.
Introduction
Field-based radio-echo sounding (RES) techniques have been used extensively to characterize glaciers and ice caps, both in polar and temperate glaciers. In polar ice sheets, radar surveys typically identify ice stratification by detecting contrasts in dielectric permittivity of sequential ice layers (Wolff et al., 1997) . In temperate glaciers, radar surveys have been interpreted to provide estimates of unfrozen water content (Murray et al., 2000; Benjumea et al., 2003; Bradford and Harper, 2005; Navarro et al., 2005; Murray et al., this volume) . Characterisation of the amount of liquid water present in glacial ice is important because this has a very strong influence on glacier mechanical properties, which in turn determine how ice masses will respond to climate change. Unfrozen water content influences the velocity of electromagnetic (radar) waves in ice, because of the high dielectric constant (relative dielectric permittivity) of liquid water (,80) 
in comparison with ice (,3).
Liquid water is known to be present in glacial ice at both the microscopic scale at boundaries between ice crystals (Mader, 1992a) , and in larger scale features such as fissures and englacial conduits (Murray et al., 2000) . Microscopic unfrozen water occurs in glacial ice because solutes reduce the freezing point of water; unfrozen water with elevated contents of ions, which have been excluded from the ice crystals themselves, occurs at ice crystal boundaries primarily as veins with approximately triangular cross section along the grain edges (Fig. 1) . A small contribution is also provided by monolayer films (Barnes et al., 2003; Baker et al., 2003; Barnes and Wolff, 2004) and microscopic lenses (Walford et al., 1987) on the surfaces where two grains meet (Fig. 1) . The total microscopic unfrozen water content depends primarily on the bulk solute concentration and the temperature (solute type and ice crystal shape are less important). Veins become relatively large in 'rotted' ice at its pressure melting point (Nye, 1991) , but represent a much smaller volumetric fraction in ice below the pressure melting point. Theoretical relationships linking the characteristics of the vein system to these variables have been validated by SEM and optical laboratory observations of ice (Mader, 1992a,b; Wolff et al., 1988; Barnes et al., 2003; Barnes and Wolff, 2004) .
Estimates of liquid water content in the published literature based on RES techniques (Murray et al., 2000; Benjumea et al., 2003; Bradford and Harper, 2005; Navarro et al., 2005; Murray et al., this volume) are often of the order of several volumetric percent -much higher than unfrozen water contents measured in glacial ice cores. These water contents have been inferred from relationships such as that of Looyenga (1965) ,
where e* is the bulk dielectric permittivity and w n and e n are the volume fraction and permittivity of the n th component, and x 5 1/3. While Eqn.
(1) has a history of use in glaciology, it is only theoretically valid where the contrast between the permittivity of the mixture components is small compared to the bulk permittivity (Landau et al., 1980) , a condition that is clearly not met for ice-liquid water mixtures (A. L. Endres, University of Waterloo, Ontario, personal communication, 2005) .
In this case, the bulk dielectric constant of the mixture becomes dependent on the geometry of the mixture components (e.g., see West et al., 2003) ; in effect, the exponent x can have a range of values between 21 and +1, depending on this geometry. Hence, experimental investigation of the dielectric mixing behaviour for icewater mixtures would be extremely useful. Previously, the dielectric permittivity of ice cores had been measured routinely using the dielectric profiling method (e.g., Wolff et al., 1997; Wilhelms et al., 1998; Wilhelms, 2005) . However, this approach has an effective measurement frequency in the kHz range, whereas radar surveys of glaciers typically operate in the 10-1,000 MHz range. In contrast, the technique of Time Domain Reflectometry (TDR) has an effective measurement frequency in the range of 700 to 1,000 MHz for low-conductivity media such as ice (Robinson et al., 2005) . As glacier ice has components with frequency dependent dielectric properties, we considered it prudent to use the TDR approach in order to avoid the difficulty of predicting radar frequency behaviour from lower frequency measurements. Hence, in order to investigate the factors influencing ice permittivity, we developed new Time Domain Reflectometry (TDR) waveguides specifically for measuring the dielectric permittivity of ice cores. Ice cores extracted from this glacier have previously been extensively characterized using SEM techniques (Tison and Hubbard, 2000) . The laboratory characterization work reported in this paper forms a part of a further study, which also consists of extensive radar surveys (Murray et al., this volume) and numerical modeling of glacier movement (Hubbard et al., 2003) . Measurements were made using several TDR waveguide designs on eight ice cores at temperatures between 22uC and 225uC; varying the temperature was intended to Figure 1 . Veins in ice in thin section at triple junctions between grains. View is down an interconnecting vein (after Mader, 1992a) . produce a range of liquid water contents in the ice cores allowing the permittivity versus liquid water content relationship to be established.
Methodology
Time Domain Reflectometry (TDR) was originally developed for detecting faults in co-axial transmission lines and later modified for characterizing soil water content and electrical conductivity (Topp et al., 1980; Dalton et al., 1984) . The method involves applying a voltage step using a step-pulse generator to the end of a co-axial cable, the other end of which is attached to parallel waveguides (typically metal rods) embedded within the material of interest. The voltage step propagates along the cable; when it reaches the waveguides part of the energy is reflected because of the change in impedance. The other component enters the waveguides, propagates at a rate determined by the dielectric properties of the surrounding material, and is reflected from their ends. A signal detector is used to measure the reflected TDR waveform; picking algorithms are used to identify reflection from the start and end of the waveguides. The permittivity of the medium surrounding the waveguides is determined from the velocity of the signal within the waveguides.
Soil water contents are typically several percent to several tens of percent, resulting in relative dielectric permittivity, K (5e/e 0 ) at MHz to GHz frequencies that vary between perhaps 6 and 30, depending on the soil type and environmental conditions. In contrast, ice typically exhibits relatively low dielectric permittivity, typically around 3 to 4 dielectric units depending on density (i.e., air content), unfrozen water content, and chemical composition. Furthermore, TDR probes cannot be inserted into glacial ice. To address these issues we developed several 'press-on', surface waveguides designed for use with ice cores (Fig. 2) . The two most successful probe designs are shown in Fig. 2b .
Probes were constructed by attaching brass waveguides to neoprene backing material using 'EvoStik' Impact adhesive. The neoprene backing material was itself mounted on solid PVC blocks to provide rigidity. The probe with wide electrodes (probe 1) was included to maximize the sampling volume as some ice cores had relatively large crystal sizes (<5 mm). The serpentine probe design (probe 2) was intended to provide the maximum possible probe length (44 cm) and signal two-way travel time on the relatively short lengths (<20 cm) of ice core available. Standard 50 ohm impedance co-axial cable was used to attach the waveguides to a Campbell Scientific TDR100 unit. This unit has a time response of 275 picoseconds with a timing resolution of 12.2 picoseconds.
Probes were calibrated using materials of known dielectric constant: calcite (K 5 9.1), quartz (K 5 4.5) and air (K 5 1). Solids were selected in preference to liquids as they are more representative of the measurement medium (ice) as they do not eliminate air gaps around the edges of the metal waveguides, where these stand slightly proud of the backing material; such air gaps also remain present during ice-core measurements. Calibration using solids was undertaken by recording traces with the probes in contact with a smooth saw-cut surface, under a 2 kg load to ensure contact. Five measurements were taken with probes being repositioned between measurements in order to assess repeatability.
Measurements on saw-cut surfaces of ice cores were taken in the University of Wales, Aberystwyth, cold room facility. This facility has temperature control to 61uC; core dielectric permittivity was measured at 225uC, 220uC, 215uC, 210uC, 28uC, 26uC, 24uC and 22uC. Three measurements were taken at each temperature with the probes being re-positioned between measurements in different orientations in order to assess repeatability.
Calibration data
As the waveguides are mounted on backing materials, the measured dielectric constant will depend partially on the dielectric properties of the backing material and partially on the dielectric properties of the measurement medium. The measured relative dielectric constant K meas will be given by,
where w is a weighting factor between 0 and 1, determining the relative contribution of the dielectric constant of the backing materials (K backing ), and the medium in front of the probe assembly (K med ). The purpose of calibration is thus to determine both K backing and w using materials with known dielectric constants. Figure 3 shows a plot of the relative dielectric constants of the calibration materials against the relative dielectric constants measured by the waveguide assemblies. Using the peak first derivative trace picking method (discussed below), the calibrated values of w and K backing are 0.325 and 7.59 for probe 1 and 0.673 and 2.87 for probe 2 respectively. The published value for the dielectric constant of neoprene is in the range 6-9 (http://www.asiinstr.com, accessed 5th June 2006), which suggests that the rearward sensed volume of probe 1 is mainly within the neoprene backing. The relatively low value for K backing for probe 2 may reflect its thinner electrodes, which may allow focusing of the electrical field within the air gap between the electrodes. This makes probe 2 (serpentine probe) somewhat less sensitive to the dielectric constant of the test material than probe 1 (the more conventional straight probe). However, as will be seen later, this disadvantage of the probe 2 design is more than offset by the increased accuracy in the signal travel time measurement provided by its relatively long electrodes.
Ice Core Data
Example TDR traces recorded on selected ice cores are shown in Fig. 4 , which is a plot of reflection co-efficient against apparent distance. Apparent distance is given by cDt/2, where c is the speed of light in a vacuum and Dt is the two-way travel time. The real probe length of probe 1 is 15 cm while that of probe 2 (serpentine electrodes) is 44 cm. The wiggles in the trace for probe 2 at apparent distances of 75 and 110 cm represent the first and second bends in the waveguides. The graphs show successive measurements with the probe repositioned on the core between readings; as the three traces only diverge during multiple reflection events the repeatability of derived apparent probe lengths is very good.
Trace Picking
A variety of methods have been developed for the identification of the start and end of the TDR waveguides in the resulting signal, and hence the signal travel time and dielectric permittivity, from TDR traces. Identification of start and end points is not straightforward because the TDR pulse generator has a finite rise time, and furthermore, frequency dispersion in the cable and waveguides tend to cause flattening of the voltage step. In our data, because ice has a relatively low dielectric permittivity compared with wet soil, errors introduced by the trace picking method are significant. Therefore, several methods were tested to identify which gave the most consistent and repeatable data. Approaches used included the 'sloped tangents' method (Huisman et al., 2002) , defining pre-determined threshold reflection coefficients corresponding to the start and the end of the waveguides (Stacheder et al., 1994 (Stacheder et al., , 1997 , comparing traces with those taken with the waveguides shorted at the top and bottom (Hook et al., 1992) , and using the peak first derivative of the reflection coefficient (Robinson et al., 2005) . This last approach proved most satisfactory for our data.
The maximum first derivative approach (Robinson et al., 2005) simply identifies the steepest sections of the parts of the TDR trace corresponding to the start and end of the waveguides. Hence, signal travel times and dielectric permittivities determined using this approach correspond to the frequency at which most of the power of the signal occurs (David Robinson, personal communication, 2005) , typically 700-1,000 MHz. Also, this method produced a very high degree of repeatability in dielectric permittivity between datasets collected after re-positioning of the probes on the core surface (Fig. 5) , and did not require subjective selection of parameters such as threshold voltages.,. Therefore, all of the values reported below were determined by this trace picking method.
Dielectric Constant Values
Dielectric constant values are found from the apparent length of the probe, L a , in the signal trace, i.e., the difference in apparent distance at the start and end of the probe as identified in the picked trace,
where L is the true probe length. These are then corrected for the presence of the backing material by using Eqn. (2) to find K med , the dielectric constant of the measurement medium (in this case, ice). Measurement errors, estimated from the degree of scatter between repeat readings, were significantly larger for probe 1 than probe 2; for example, the mean standard deviation for repeat sets of three measurements on core 4 was 0.42 dielectric units using probe 1, but only 0.23 dielectric units using probe 2. This is a consequence of the greater length of probe 2 which increases the accuracy of the travel time determination; hence only data from probe 2 are reported. Plots of dielectric constant values for four of the ice cores against the measurement temperature are shown in Fig. 6 . The data show no consistent trend with temperature; variation between different temperature datasets is likely to represent measurement errors arising from changes in core surface condition over time, in particular the formation of frost on the core surfaces which may have made them more irregular for measurements taken several days after the cores were cut (28 to 22uC datasets) than for those taken immediately after cutting (225 to 210uC datasets).. Hence, data for all temperatures were averaged; average dielectric constant values for each core are presented in Table 1 . The error bars shown in Fig. 6 (60.2 dielectric units) represent our estimate of the accuracy of individual measurements based on their standard deviation values. Dielectric constant values for all cores except cores 5 and 9 are within the estimated error (60.2 dielectric units) of the air-and unfrozen water-free glacier ice value (3.1 to 3.2, see Wilhelms, 2005) . Core 5, dielectric constant around 2.5, is visually 'firn' like -i.e., it is compacted snow from the upper few meters in the accumulation area. Core 9, dielectric constant around 2.9, is also from a relatively shallow level (3 m depth) from an area of the glacier which was an accumulation zone when the core was extracted in 1997. Hence the relatively low dielectric permittivity of these cores can be attributed to significant air content. Air contents for these cores of 15-20% are determined using the Looyenga (1965) mixing rule (Eqn. 1), assuming zero unfrozen water content.
Implications for Interpretation of Radar Data
The results of the laboratory study show that, for the ice cores tested, grain boundary unfrozen water did not produce measurable changes in K up to 22uC. Since 1% liquid water is expected to produce a measurable change (about 0.2 dielectric units according to Eqn. 1), it is likely that the unfrozen water content of the ice cores were below the 1% level at 22uC. Such low unfrozen water contents are in accord with theoretical predictions of liquid water content based on the solute content and grainsize of glacier ice. Such predictions proceed by finding the depression of the glacial ice melting point,h, below the pressure melting point for solute-free water (h is henceforth referred to as the temperature depression). The temperature depression, h, consists of two components; a component, h s , that is related to the concentration of solute in the water phase, and a second component, h c , that is related to the curvature of the vein walls, (Mader, 1992b) ,
The calculation of unfrozen water content proceeds by determining the concentration of solutes in the microscopic liquid phase, c, corresponding to a given h value; we assume that the solute is H 2 SO 4 and is perfectly expelled from the ice crystal lattice, i.e., the solute remains entirely in the liquid phase; h s 5 f(c) is determined from experimental data of H 2 SO 4 freezing mixtures (Weast et al., 1984) . The temperature de- Figure 6 . Dielectric constant versus temperature for selected ice cores determined using probe 2. Traces picked using apex of first derivative. Data points corresponding to each measurement temperature are offset by up to 0.5uC on the temperature axis for reasons of clarity. Figure 5 . Identification of probe start and end using apex of first derivative of reflection co-efficient. Three repeat readings on core 1 using probe 2 are shown; TDR probe repositioned on the ice core between readings.
pression component due to wall curvature, h c , is given by,
where c is the interfacial energy of the ice-liquid surfaces, T o is the melting point of pure water, L is the latent heat of melting and r is the radius of curvature of the vein walls. The wall curvature radius, r, is calculated from the geometry of the vein system and the grainsize (Mader, 1992b) ; here we assumed a semi-regular truncated octahedral crystal shape. In fact, the h c is usually small compared with h s (e.g., for h , 2uC, h c , 0.1h), although it increases for very small temperature depressions. Finally, the volume fraction of liquid water is given by w 5 C/c where C is the bulk concentration. We made predictions of the volume fraction of microscopic liquid water as a function of temperature for a bulk concentration of solutes of C 5 0.00012 mol/l (this bulk solute concentration is based on Italian alpine rainwater composition reported by Mosello and Marchetto, 1996) . The calculation was performed for two grainsizes (1 mm and 100 mm) yielding essentially identical results for w for temperature depressions down to 1uC; this is essentially because the h c component is relatively small. The model predicts liquid water contents of ,0.03% at h 5 2uC, i.e., 22uC in our experiments; this is far too little to produce any change in dielectric constant measurable using TDR. Liquid water contents are lower at lower temperatures, falling below 0.01% at 25uC. The implications of this result are that the percentage-level water contents inferred from radar surveys (e.g., Murray et al., 2000) cannot arise from the present of water in microscopic veins below the pressure melting temperate; such veins represent too low a volumetric proportion. Hence they probably indicate either well-rotted ice essentially at its pressure melting temperature, where higher water contents might occur, or the presence of macroscopic water bodies, where water temperature may be somewhat higher than that of the surrounding ice.
The laboratory study also indicates that glacial ice that has not been fully compacted contains sufficient air to reduce the dielectric permittivity below 3.1, which will result in radar velocities of .170 m/ms. Such velocities have often been determined from radar surveys (e.g., Bradford and Harper, 2005) and sometimes discounted because they yield negative water content values using Eqn (1), where it is assumed that no air is present. Our study suggests that a substantial air content (i.e., 15 to 20%) will occur in the upper few meters in areas where accumulation has occurred relatively recently, such that ice which has not been fully compacted (i.e., firn remains present). Our study suggests that the amount of air present in the upper layers will be low (i.e., less that about 5% or so based on the measured dielectric constant values of .3.0) where substantial ablation has occurred; this result is in accord with microscopic observations of ice cores from the Tsanfleuron glacier (Tison and Hubbard, 2000) .
Summary and Conclusions
The permittivity of glacial ice is of considerable interest because of the development of radar characterization of both polar and temperate glaciers. In particular, radar surveys have been used to infer unfrozen water content values for temperate glaciers. However, the mixing rules used to convert radar velocities to water content have not been investigated experimentally. Here, we present a new approach for measuring the dielectric permittivity of glacial ice, and apply it to several cores extracted from a Swiss glacier, which itself has been the subject of extensive radar characterisation. We attempted to vary the unfrozen water content of the ice cores by varying the temperature between 22 and 225uC.
The approach used for dielectric permittivity measurement, Time Domain Reflectometry (TDR), uses the velocity of a step-pulse in waveguides to characterize the dielectric permittivity of a medium; the approach has previously been used for soil water content determination. Two probe designs were tested extensively for use with glacial ice cores: one conventional straight electrode probe, with wide, flat electrodes to increase the sampling volume, and one serpentine probe design aimed at maximizing the signal travel time given the limited size of the ice cores. Both probes were calibrated using air and solids of known dielectric permittivity. While the straight electrode probe proved more sensitive to the dielectric permittivity of the measurement medium, the serpentine design has a much better signal to noise ratio and produced more repeatable data. The conventional approach to determination of the signal travel time in the waveguides proved unsatisfactory owing to the relatively low dielectric permittivity of ice compared with soils; an alternative approach which has been developed relatively recently (Robinson et al., 2005) proved more satisfactory. The accuracy of the resulting dielectric constant values is around 60.2 dielectric units; the main source of error is suspected to be changes in the condition of the core surfaces over time. Unfrozen water at crystal boundaries within the ice cores did not have a measurable effect on the dielectric permittivity over the range of temperature investigated (22uC to 225uC). This is in accord with theoretical predictions, which suggest that the volumetric proportion of liquid water at such temperatures should be ,0.03%, which is very unlikely to produce a measurable effect on dielectric permittivity. Hence, percentage level water contents interpreted from radar surveys of glaciers are likely to indicate 'well-rotted' ice at its pressure melting temperature, or macroscopic water bodies within glaciers (i.e., water filled fissures or conduits). The results of the laboratory study suggest that the presence of air within glacial ice is a significant factor influencing radar velocity. Air is likely to be present in ice at shallower levels in accumulation areas, in ice which was never fully compacted. The potential presence of air within the ice may produce velocities in excess of the 'dry/cold' ice value of 170 m/ms.
